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Introduction
Parkinson's disease (PD) is relatively rare before age 40, after age 50 the prevalence rises almost exponentially. 1 By the eighth decade, the estimated prevalence in European and North American populations is between 1000 and 3000 cases per 100,000 population. 1 This age-related risk may be related to the convergence of genetic impairments and age-related decline in cellular function, which include deficits in degradation pathways and elevated mitochondrial damage. As neurons age, they show signs of increased oxidative stress, disturbances in mitochondrial function, and accumulation of misfolded proteins, which are exacerbated in PD. If the role of lysosomal function could be better defined during the aging process, this may lead to more effective therapeutic options to treat PD.
Neuronal aging is unique because neurons are postmitotic cells, and therefore they rely heavily on protein clearance mechanisms to maintain homeostasis. The two major proteolytic systems responsible for intracellular protein turnover are the autophagy-lysosomal system and the ubiquitin-proteasome system. Aging lysosomal systems undergo dramatic changes including, increased volume and decreased stability and accumulation of indigestible materials. 2 This is significant given that lysosomes are responsible for the clearance of proteins, such as asynuclein as well as the removal of damaged organelles, such as mitochondria. 3, 4 The gene GBA1 encodes for the lysosomal hydrolase glucocerebrosidase (GCase), and reductions in GCase activity results in the accumulation of the glycolipids glucosylceramide (GluCer) and glucosylsphingosine (GluSph). Heterozygous loss-of-function mutations in GBA1 occur at a frequency of 4-7% in idiopathic PD patients. [5] [6] [7] Approximately, 6-7% of early onset PD (<51 years) are carriers of either the N370S or L444P GBA mutations. 8 These patients also develop clinical symptoms at an earlier age than nonmutation carriers. 9 Moreover, PD patients who harbor a loss-of-function GBA1 mutation usually develop more severe cognitive symptoms, are often diagnosed younger, and are associated with increased a-synuclein accumulation relative to non-GBA1 mutation carrier (nonGBA1) PD patients. 7, [10] [11] [12] A recent report demonstrated that early stage nonGBA1 PD patients are associated with a reduction in GCase activity and dysfunctional lysosomes. 11 Despite the overwhelming evidence linking GBA1 and diminished GCase activity with PD, 7, 12, 13 it is presently unclear when this reduction occurs and how it is related to cellular aging and therefore its role the initiation and pathogenesis of the disease.
Elucidating some of the intracellular changes that occur with normal aging may give insight into the early changes that occur in PD. Our data suggest that aging lysosomes may contribute to the early pathology in PD and offers a broader perspective of how aging can lower the threshold and contribute to the onset of the disease. Here, we present data that show that GCase activity is reduced in non-GBA1 PD patients in the sixth, seven, and eight decade of life, which is associated with an increase in GluSph levels. Remarkably, healthy subject controls exhibit a gradual age-related reduction in GCase activity in the substantia nigra and putamen, which became evident during the seventh and eighth decade of life, respectively. These data suggest that GCase activity or more broadly diminished lysosomal function may be a critical age-related risk factor that increases the vulnerability of dopamine neurons and lower the threshold for developing PD.
Materials and Methods

Patients
Frozen postmortem brain tissue from male and female neurologically unaffected patients (healthy subject controls) and sporadic PD patients were provided by the Harvard Brain Tissue Resource Center (HBTRC; McLean Hospital, Belmont, MA). All PD cases met a pathological diagnosis of PD made by the brain bank, which was based on the extent of neuronal (pigment) loss in the substantia nigra and locus coeruleus (0-4), and Braak staging (0-6). Postmortem brains from healthy subject controls and PD patients were closely matched for age, sex, and postmortem interval ( Table 1 ). All of the PD patient brain tissue 
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Results
Glucocerebrosidase activity progressively declines in the substantia nigra with normal aging
Brain tissue from nonGBA1 mutation carrying sporadic PD patients was collected and GCase activity was measured in substantia nigra and putamen. Our data show a clear age-dependent decrease in GCase activity in the substantia nigra that spans the sixth to eighth decade of life (r = À0.643, P < 0.001) in healthy subject controls (Fig. 1A) . A similar trend was also observed in the putamen across the sixth to eighth decade of life in healthy subject controls. This gradual decline in GCase activity in healthy subject controls became similar to nonGBA1 mutation carrying PD patients by the seventh decade in the substantia nigra (F 2,35 = 28.26, P < 0.0001) and the eighth decade in the putamen (F 2,32 = 7.16, P < 0.05). GluSph levels were increased in sporadic PD patients at the sixth decade of life (F 2,35 = 14.52, P < 0.001) in the substantia nigra. We measured both GluCer and GluSph in sporadic PD patient tissue, however, due to an interfering peak, only GluSph was analyzed.
Glucocerebrosidase activity is decreased in the brains of sporadic PD patients coinciding with an accumulation of GluSph
GCase activity and levels of GluSph were also assayed in the frontal cortex, hippocampus, and cerebellum of non-GBA1 PD patients and age-matched healthy controls between their 70 and 80 years of age. GCase activity was significantly decreased in the hippocampus (T 1,8 = 2.405, P < 0.05) and cerebellum (T 1,16 = 2.439, P < 0.05) in nonGBA1 PD patients in comparison to age-matched controls. We found a significant increase in GluSph in the hippocampus (T 1,10 = 3.19, P < 0.05) of nonGBA1 PD patients. There was a trend toward an increase for GluSph in the cerebellum of nonGBA1 PD patients in comparison to age-matched controls (Fig. 2B ).
Discussion
Age-dependent reductions in GCase activity occur in normal aging and in sporadic PD patients
The involvement of GCase in the pathogenesis of PD is still not understood. Postmortem brain samples from nonGBA1 PD patients show a significant decrease in GCase activity and protein levels in the substantia nigra and cerebellum. 14 We demonstrate for the first time that GCase activity gradually declines in the substantia nigra of healthy subject controls, eventually becoming comparable to PD patients by the seventh decade of life. Similarly, GCase activity also progressively declines in the putamen becoming comparable to PD patients by the eighth decade of life. Reductions in GCase activity may represent a progressive reduction in lysosomal function with normal aging, which may eventually become pathological to the cell. This is supported by recent evidence demonstrating that a reduction in GCase activity accelerates the progression and symptoms of PD. 12, 15 This reduction in GCase activity is accompanied by an accumulation of GluSph in the substantia nigra. This is the first report, to the best of our knowledge that has measured glycolipids in the brain of PD patients. We observed the accumulation in GluSph in the substantia nigra may reflect diminished lysosomal clearance capacity. Although PD is rare before age 40, the prevalence rises almost exponentially after 50 years of age. 1 It is possible that when the amount of functioning GCase is reduced Figure 1 . GCase activity is gradually decreased in the substantia nigra and putamen during normal aging. Brain tissue homogenates from frozen postmortem brain samples were used for measurements of GCase using a 4-methylumbelliferyl activity assay. (A) GCase activity gradually decreased in the substantia nigra and the putamen over the sixth to eighth decade of life in healthy subjects. (B) GCase activity remained consistently low in non-GBA mutation carrying PD patients across the sixth to eighth decade of life in comparison to healthy age-matched controls. (C) By the seventh and eighth decade of life GCase activity levels in healthy subject controls looked similar to PD patients in the substantia nigra and putamen, respectively. GluSph levels were increased in sporadic PD patients at the sixth decade of life in the substantia nigra, but did not change in the putamen. *P < 0.05, two-way ANOVA with Bonferroni post hoc analysis, correlation analysis completed by Pearson test. N = 23/disease cohort. Graphs are expressed as mean AE SEM. GCase, glucocerebrosidase; GluSph, glucosylsphingosine; PD, Parkinson's disease; SEM, standard error of the mean; ANOVA, analysis of variance. below a critical level, it may directly influence lysosomal clearance capacity causing inefficient protein degradation, and may eventually become pathological promoting the accumulation of misfolded proteins, and dysfunctional mitochondria GBA1 mutations are twice as common in early onset PD in comparison to late onset PD cases. 8 PD patients with a heterozygous GBA1 mutation are associated with 30-50% reduction in GCase activity. 12 These patients usually develop the disease earlier and are associated with more advanced a-synuclein pathology. 8, 11 The motor impairments among GBA1 PD patients usually occur 6-7 years earlier in comparison to nonGBA1 PD patients. 8, 16 The data reported here indicate that with age, the levels of GCase activity in healthy subjects eventually reach a level of GCase reduction that is similar to GBA1 haploid insufficient PD patients. Given that the cell biological processes caused by GBA1 haploidinsufficiency predispose individuals to PD by leading to early degeneration and a-synuclein pathology with onset of the disease in the sixth decade, it is therefore reasonable to assume that a 30-50% age-dependent reduction in GCase activity in the seventh and eighth decade of life (during normal aging) would significantly increase the risk for developing PD in a nonGBA1 carrier. Moreover, sporadic PD is likely caused by a combination of convergent mechanisms that include age-related risk factors that contribute to DA neuron vulnerability such as accumulation of dysfunctional mitochondria, deficits in protein degradation systems, and aggregated a-synuclein accumulation. These age-related biological deficits likely contribute to the exponential rise in PD in the seventh and eighth decade of life. Tracking GCase activity levels during aging and during the preclinical phase of the disease may provide a unique opportunity to identify changes Figure 2 . GCase activity is decreased and GluSph is increased in sporadic PD patient brains. GCase is a lysosomal enzyme responsible for the hydrolysis of the lipid substrates GluCer into ceramide and glucose, and GluSph into sphingosine and glucose. Data show that GBA activity is diminished in the putamen, hippocampus, substantia nigra, and cerebellum of sporadic PD patients in comparison to age-matched controls (A). Diminished GBA activity corresponded to accumulation of GluSph in the hippocampus (B). *P < 0.05, unpaired t-test. N = 6-12/group. Graphs are expressed as mean AE SEM. GCase, glucocerebrosidase; GluSph, glucosylsphingosine; GluCer, glucosylceramide; PD, Parkinson's disease; SEM, standard error of the mean; ANOVA, analysis of variance.
that occur prior to the pathophysiology that leads to the onset of PD symptoms.
Diminished GCase activity and GluSph accumulation occur in sporadic non-GBA mutation PD patients
We found widespread reduction in GCase activity in the cerebellum and hippocampus, in addition to the putamen and substantia nigra of sporadic PD patients that are non-GBA mutation carriers, which coincided with an increase in GluSph. These results show that the GluSph lipid substrate is accumulated in the brain of sporadic PD patients. It is possible that this accumulation of the GluSph disrupts intralysosomal homeostasis and promotes aggregation of a-synuclein, thus enhancing neuronal vulnerability. Recent observations have suggested a reciprocal relationship exists between GCase and a-synuclein.
17,18
Moreover, a landmark finding supports this reciprocal relationship between GCase and a-synuclein by demonstrating that a partial loss of GCase activity can interfere with protein degradation in the lysosome, promote accumulation of a-synuclein, and enhance a-synuclein-mediated neurotoxicity. 17 Therefore, accumulation of GluSph, and possibly GluCer, may contribute to the pathophysiology of PD by disrupting lysosomal function.
